In the present paper, the cross-correlation, multiple regression, salinity and velocity decomposition techniques were employed to analyze the short and long-term variations of salinity and flow rate in the Ota estuary. We considered the effect of the freshwater discharge, the tidal range, the activities of wind and the mean sea level on the salinity variations. Although the freshwater discharge plays the most important role in the variations of salinity, the results show high correlation between the along-channel component of the wind and the estuarine salinity changes. The direction of the net salt transport was landward during spring tides and low flow conditions. Though, the direction of net salt flux was seaward during most part of the observation period.
INTRUDUCTION
The salinity distribution in an estuary mostly depends on the estuarine response to river discharge, wind and tidal mixing over time scales ranging from days (freshwater and wind) to fortnight (spring-neap tide) and month (seasonal river discharge change). The longitudinal tidal range pattern in an estuary depends on the relative relation between convergence and friction; therefore it appears propagation of tidal incursion can be different in the branches of an estuary 1) . The classic estuarine theory suggests that the dynamics of the estuarine circulation involve a balance between the pressure gradient induced by the out-estuary surface slope, the baroclinic pressure gradient due to the along-estuary salinity gradient, and the stress associated with the estuarine circulation 2), 3) . On the other hand, there are some evidences jeopardize the classic estuarine paradigm of previous scholars and suggest that the tidally averaged, estuarine share flow may arise not as a result of the along-estuary salinity gradient but rather as a consequence of tidal process 4) , 5) . The objective of this paper is to quantify the effects of interacting controlling variables, such as the freshwater, tidal range, sea levels and wind on both the short and long-term variations in the salinity and flow rate of the Ota Estuary by analyzing time series that were surveyed during 2009 to 2010.
STUDY AREA AND DATA SOURCES
The Ota River estuary has a branched section of the Old Ota River and the Ota River diversion channel about 9 km upstream from the mouth (Fig.  1) . The Oshiba-floodgate, located in the old Ota River, consists of a fixed weir and a movable weir with three gates. The Gion floodgate, located near the bifurcation in the diversion channel, consists of three movable sluice gates, of which usually only one sluice gate is slightly opened. The inflow discharge is about 10-20% of the total flow rate of the Ota River on normal days. The Yaguchi Gauging Station, which is located 14 km upstream from the mouth, is not tidally modulated, and the water level was measured at Kusatsu Station in the mouth of the diversion channel.
The upstream border of the tidal compartment which shows the influenced distance of the tides, in the Ota River estuary is located about 13 km upstream far from the mouth (Fig. 1 (a) ). River flow in this tidal compartment is characterized by the periodic intrusion of salt wedges 6) . The tides are primarily semidiurnal, but mixed with a diurnal component. The stratification in the Ota diversion channel changes significantly with time. It is well mixed during the flood and the first half of ebb and partial mixed during the last half of ebb tides. This change of the stratification results from tidal straining tides 6) . Recently a new method for measuring the cross-sectional averaged velocity and salinity which called Fluvial Acoustic Tomography System (FATS) has been developed by Kawanisi 7) . Hereafter, the expression "FATS" denotes the name of this innovative instrument. One set of FATS was deployed in the Gion station which is located 245m upstream of the Gion floodgate from June 2008 until now (Fig. 1 (b) ). In this station, the flow rate and salinity data are well-recorded in time (every 10 min). The details of the observation site and application of FATS were reported by Kawanisi 6) . The discharge at the Oshiba Gates was measured by using three acoustic Doppler current profilers (ADCPs).
In this study the seaward and landward directions for the flow rate are purposed with positive and negative signs respectively. The speeds and directions of the hourly winds are projected on to the elongated SW-NE axis (main channel axis). The wind in the SW directions is associated with positive signs. Time series of important 
RESULTS AND DISCUSSIONS (1) Discharge variations in the estuary
The discharges of the Ota River comprise the major source of the freshwater for the estuary, with an annual average inflow of 70 m 3 /s. To analyze the structure of the variability cross-correlation function R(τ) can be used. It is defined as:
where X, Y are the independent variables, t is the time, overbar denotes the mean of variables, E and
Var indicate the expected value and variance, respectively. Fig. 3 illustrates the cross-correlation of hourly averaged discharge in the Oshiba and the Gion Gate versus the Yaguchi Station for normal months. Statistically, correlation between the Yaguchi discharge and the Oshiba discharge is greater than the Gion discharge. As it mentioned, the inflow discharge in the diversion channel is about 10-20% of the total flow rate of the Ota River on normal days. The Oshiba gates are fully open during the normal periods. Whereas, only one of the Gion's sluice gates is opened slightly in order to make a stream cross-section of 32 m×0.3 m for spilling water. This might be due to the fact that the operation of the Gion gates causes the greater correlation between the discharge of the Oshiba Gate and the Yaguchi Station. Only during flood event for discharge over 400 m 3 /s, all sluice gates are completely opened. Fig. 4 demonstrates the cross-correlation of daily averaged discharge in the Yaguchi Station versus the daily averaged salinity in the Gion Station at the September and December 2009. As the correlogram shows there is a lag time between the river discharge and the salinity in the September (8 days), which means that the estimated flushing time is approximately a week after the river discharge has entered the estuary. This indicates that up to a week is required for the peak of the inflow freshwater to flush through the diversion channel.
(2) Short-term fluctuations of salinity
The main factors controlling the variations in salinity in an estuary are the freshwater discharge, water level and winds. A large river discharge results in a reduced salt intrusion and vice versa. The salt transport in an estuary is a balance between seaward flux, induced by river flow, and landward flux associated with tides and estuarine exchange flows 8) . The time series were collected by the FATS in the Gion Station shows the salinity usually varied between 0 and 30 on normal days. Regarding Fig. 2  (a, d, e) the salinity variations have a noticeable correlation with the freshwater discharge and mean sea level fluctuations. The graphs show the Ota estuary was in the highest level of salinity during the summer (September and October 2009). Inversely, the flood events flush out much of its salt. Fig. 5 (a) illustrates the instantaneous variations of discharge in the Gion and the Oshiba Gates during one day in a spring tide. As it can be seen, there is a lag between the discharge of the Oshiba and Gion Gates. It appears that the maximum ebb flow in the Oshiba Gate happened earlier than the Gion Gate. Moreover, the graph indicates stronger flood tides in the Oshiba Gate comparing with the Gion Gate. Fig.  5 (b) shows the temporal fluctuations of the salinity and water level in the Gion Station at the same period. Existence of a phase lag between the salinity and water level at the peak flood tides has been indicated by 9) . Fig. 6 (a) indicates the cross-correlation of the temporal discharge variations in the Oshiba Gate versus the Gion Gate and Fig. 6 (b) shows the cross-correlation of temporal salinity fluctuation versus the water level at the Gion Gate, respectively. As shown in Fig. 6(a) , there is about 60 minute's time lags between the discharges of the Gion and Oshiba Gates. Similarly, Fig. 6(b) indicates 45 minutes phase lags between the salinity and water level at the Gion Station. As expressed, due to the stronger flood flows in the Oshiba Gate (Fig. 5 (a) ) in the spring tides, the saline water from the Oshiba Gate intrudes to the Gion Gate and causes the lag-time between the salinity and water level fluctuations in the Gion Station. In case of the lower tidal range during neap tides, noticeable lag time was not clear. The examination of the cross-correlation between the discharge variations in the stations and the salinity versus the water level fluctuations in the Gion Station at the other month revealed similar patterns and are not presented here.
I_267

(3) Long-term variations of salinity
Multivariate correlation analyses of daily average salinity with river discharge, wind stresses, water levels and currents shed light on the important control variables between each multivariate quantity can be used to predict and analyses of overall salinity distribution in an estuary. In the present paper, multiple-regression technique is employed to analyze the long-term relationship between the salinity and flow rate with the freshwater discharge, wind stresses, mean sea level and tidal range. Employing multiple regressions made it possible to statistically define the interaction of parameters that affect the salinity and flow rate variations in the Ota estuary. The regression equation is: (2) where, y is fluctuations of salinity or flow rate in the Gion Station, Q y is the fresh water discharge at the Yaguchi station, T r is tidal range at the mouth, H m is mean sea level and W is wind speed. The range of the tides is varied between 0.3 m and 4 m.
In Table 1 the coefficients of standardized partial correlation are presented. The index 3 and 45 for the discharge and the salinity denotes 3 days moving average (sub-tidal fluctuations) and 45 days moving average (seasonal variations), respectively. It can be seen that the influence of change in freshwater discharge are greater than the other variables. This indicates that the freshwater plays an important role in the salinity and the flow rate variations. However, the vertical mixing processes are primarily controlled by tide and stratification. The results show an inverse correlation between the along-channel component of the wind versus the estuarine salinity and flow rate fluctuations.
(4) Mechanisms of salinity transport in the diversion channel of the Ota estuary
Decomposition method is usually employed in order to quantify salt transport and to analyze the controlling mechanisms 10), 11) . In general, the net salt flux per unit width perpendicular to the mean flow can be calculated as , where the prime quantities represent deviation from the depthaveraged value, u and s . The depth-averaged means were decomposed into time-averaged and a time varying components as: 
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where brackets are net or time-averaged means over at least one complete tidal cycle which is assumed 25 hours for this study. By integrating the flux for one or more complete tidal cycle yields an expression for the net longitudinal salt flux per unit width as:
each flux term can be related to a separate physical process. F 1 is the advective flux due to water discharge and change in storage during the tidal cycle. F 2 is the sloshing effect, the tidal dispersion via triple correlation between tidal depth change, tidal current, and tidal salinity, usually directed upstream. F 3 is the cross-correlation between tide and salinity. F 4 is the Stokes' drift dispersion. F 5 is the salt dispersion due to mean shear produced by gravitational circulation.
(5) Estimate the flushing time in the Ota diversion channel
In this case we used Dyer's formula 13) to estimate the flushing time in the Ota floodway as: (8) where, R is the freshwater discharge. S 0 is the seawater salinity, V is the estuary volume and S m is the mean salinity in the estuary which can be estimated as 14) :
here S is the salinity. The flushing time is not inversely proportional to the freshwater inflow, since the freshwater inflow also changes the mean salinity, S m , which is determined by the complex hydrodynamic process in the estuaries. There was a large variation in the salinity regime over the course of our observations. The freshwater discharge in the station can be estimated by using the fresh water fraction as: (10) here, Q(t) and S(t) are the observed discharge and salinity in the Gion Station, respectively.
In this study we used a method based on spatial variation of salinity, featuring the flushing number technique suggested by Arnos 15) to estimate the spatial salinity distribution throughout the estuary, specifically:
here, F is the flushing number, L is the length of the tidal compartment( Fig. 1 (a) ), and x is the longitudinal distance. F is the function of the river discharge, the mean depth, the eddy diffusivity, and the tidal elevation amplitude. Because these parameters are not available, instead of using direct estimation, we calibrated the amount of F using observed salinities in the Gion station as:
Therefore, based on Eqs. (10) and (11), the mean spatial and temporal salinity along the tidal compartment is calculated as: (14) here, T is the time period of averaging. We utilized a 7-day moving average method to filter out temporal salinity and flow effects.
During normal discharge of Ota River the relative comparison of the advective and the net salt flux in the Gion Station was considered (Fig. 7) . In this period the estuary was in a status of partially to highly stratified. The salt intrusion endured great fluctuations during spring-neap tidal cycles. However, the maximum intrusion occurred at the neap tides (Fig. 7 (b) (c) ). The total net flux was predominantly landward in the September due to the strong tidal currents (Fig. 7 (d) ).It caused the maximum flushing time in the diversion channel ( Fig. 7 (e) ). The advection component was seaward. It generally followed the fluctuations of river discharge, but was also modulated by spring-neap tidal variations. Increasing the fresh water discharge in the Yaguchi Station (October 3 and November 15), significantly reduced the salinity fluctuations. In this periods the advection transport terms became correspond to the total salt flux. The net salt flux variations in the other month revealed during flow increasing period, the advection term became dominant and the net transport is seaward (F t > 0). However, during a river flow decreasing period and tidal oscillatory the net salt flux is landward.
the water level and salinity in the Gion Station. Also the results show a phase lag between the discharge of the Oshiba Gate and Gion Gate. Using the multiple-regression analysis indicated the freshwater is a dominant factor in the long-term salinity and the flow rate variations. Also the along-channel component of the wind can be important in promoting mixing in the estuary. The maximum intrusion occurred at the neap tides. The direction of the net salt transport was landward during spring tides and low flow conditions. Though, the direction of net salt flux was seaward during most part of the observation period. 
